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ABSTRACT

The aeroelastic deformation, divergence and flutter behavior of
rectangular, graphite/epoxy, cantilevered plate type wings at zero sweep
and thirty degrees of forward sweep is investigated for incompressible
flow. Since the wings have varying amounts of bending stiffness, torsion
stiffness and bending-torsion stiffness coupling, they each have unique
aeroelastic properties. A five mode Rayleigh-Ritz formulation is used to
calculate the equation of motion. From this equation static deflection,
steady airload deflection, divergence velocities, natural frequencies and
flutter velocities are calculated. Experimental two dimensional 1lift and
drag curve data and approximations to three dimensional aerodynamics are
used to «calculate the aerodynamic forces for the steady airload
analysis. The Weissinger L-Method for three dimensional aerodynamic
forces is used in the divergence analysis. The V-g method is used to
make flutter and natural frequency calculations. Tests on a static
loading apparatus gave static deflections, while wind tunnel tests gave
steady airload deflections for the wings at zero sweep, and divergence
and flutter behavior data for all wings at both zero sweep and thirty
degrees forward sweep. Wings were tested from zero to twenty degrees
angle of attack for airspeeds up to divergence, flutter or the thirty
meter per second limit of the tunnel.

Static deflection, natural frequencies, steady airload, divergence
and flutter for the straight wing were predicted reasonably well by the
theoretical calculations. For the swept forward wings, calculated
flutter speeds were beyond the wind tunnel capabilities, while calculated
divergence speeds were reasonable when divergence did occur. When swept
forward, before reaching predicted divergence speeds some lightly
bending-torsion stiffness coupled wings went into a torsional flutter,
characterized by a large average bend which caused a high wing tip angle
of attack. This flutter was not predicted by the theory used. The
different ° wings exhibited markedly different stall flutter
characteristics.
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Title: Professor of Aeronautics and Astronautics
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CHAPTER 1. INTRODUCTION

The use of composite materials in aircraft structures has added
another design dimension to the aircraft designer. Useful not only for
their high strength to weight ratio but by giving the designer the
ability to vary the force deflection behavior by wvarying the layup
scheme, they have made certain previously impractical design options
attractive. In particular, forward swept wings have gained renewed
interest because their major drawback, low wing divergence speeds, can be
significantly improved by using tailored composite material in wing
construction. A good discussion of this is contained in reference 1.

This project will draw on the work of four previous experimenters
at M.I.T.; Hollowell, Jensen, Selby and Dugundji (references 2,3,4 and
5). Those men worked with some of the same wings that were used in this
‘project. They made calculations and ran experiments to determine the
wing stiffness and bending-torsion stiffness éoupling, the steady airload
deflection behavior and the flutter and divergence speeds at low and high
angles of attack. Using their work as a foundation, we will extend its
range by investigating several new ply angle 1layup patterns and by
investigating aeroelastic properties at 30 degrees forward sweep.
Primary interest is in the investigation of divergence and flutter speeds
and the wing shapes during those conditions at both low and high angle of
attack. Low angle of attack flutter is investigated both theoretically
and experimentally while high angle of attack flutter investigation is
experimental only. We also extend the work of Hollowell on steady
airload deflection analysis by including a realistic non-linear 1lift

curve, drag and approximations to three dimentional aerodynamics.
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CHAPTER 2. THEORY

2.1 Rayleigh-Ritz Analysis

In this research both static and dynamic analysis are done using
the Rayleigh-Ritz analysis technique. We therefore need to formulate an
equation of motion for the dynamic analysis and then by setting the time
derivatives equal to zero, we can use the same equation for the static
analysis. Because of the complicated nature of anisotropic material,
exact analysis is difficult and often impossible. Therefore I chose an
approximate method of analysis, the assumed mode or so called
Rayleigh-Ritz method. This is the same method used by Hollowell, Jensen
and Selby (references 2, 3 and 4) who were mentioned in the introduction
and in fact, due to the amount of work already done on these wings with
this method I decided to use the same assumed modes im my analysis.

The analysis is linear and assumes all deflections are

perpendicular to the wing in the z direction as shown in fiqure 2.1.

) S

PLY FIBER ANGLE

Figure 2.1 Wing coordinate system.
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Note that the ply fiber angle is measured in the opposite direction as

compared to the standard composite material direction.

The basic equation.for the assumed modes is:

n
wix.y,t) = ) Y (x,9) q (t) (2.1)
i=1 * o

Where Yi(x,y) are the modes. In our case we have five modes so n=5.

To get the equation of motion we start with Lagrange's equation.

43T 9T L3V _ - _ 99
ac ( 24, ) - sa, ©da, " la=51 (2.2)

Where Q represents the applied loads.

Now we need expressions for the kinetic and potential energies.

For the kinetic energy of a plate we have:

r=2f[n( a | (2.3)

Where m = mass/unit area.

Using equation (2.1) for w we get:

i .
[ [mn] Yd,° Y v.4. aa (2.4)
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Moving summations and grouping terms:

1 T o o«

where M, = f f Y.mYy dA . (2.6)
1] i 3

The variational potential energy for a plate is:

sv=[[(N_ 8 +N 8 +N_8y +M S +M 6
b d xo Y YO xy xyo X X Yy 4

+ M Sk dx & (2.7)
Xy Xy ) * &

where using conventional displacement notation:

oo ¢ oo
X 9% X 2
[o) X
2
‘A ay Y 8y2
2
Y =?§E+% ¢ =22 (2.8)
XY, Y Xy axdy

To apply this to anisotropic plates we start with the modulus equations

for the general laminate.

= (2.9)
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N = Force/length vector
= Moment/length vector
€ = strain vector
K = curvature strain vector

A,B,D are the appropiate modulus matrices

Since this is for a plate we assume no strain or shear in the z
direction. For a symmetric laminate, moments about x any y do not cause
strain, only bending so B = 0. In our analysis all loads are in the z

direction so N = 0, leaving us with, in expanded form:

My Dy D12 Dig Kx

{My »=|P21 P22 Dz “‘yg
(2.10)

Myy LDsz De2  Dee| |Kxy

Using equation (2.10) for M, integrating with respect to the variational
terms and using equations (2.8) for the curvatures we get:

- - \

Dj1 Di2 Dye “Wopx

Vo= 1/2 [ [-wigg Mgy -2y, ] D21 Doy Dpg | < ~Wiyy )
(2.11)

De1 De2 Dee | [~2Wrxy

15



where:

a2
W, = "'l ’ etc.
XX 9%

expanding this equation and using D,;=D;,, D;g=Dg; and D,s=Dg,

1 2 2
- - ,
vV = 5 f f { D11w, + 2 D12w, + D22w' + 4D66w

(2.12)

We now substitute in equation (2.1) for w bring sumations and q's out of

the integral to get:

i
1
=2 X 2 9y q f f { 11 1 xxYJ'xx M 2D12Yi'xij’yy
+ 4D
+D_ Y., Y., + 4D66Yi'nyj'xy 16Yi'xij'xy

22°i"xx j yy

(2.13)

4D da
+ 26Yi'YYYj’XY }

Finally it is rewritten in the compact form:

j
(2.14)
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where

keoo=[ [ {p,y

1]

+ D . - + 4D . .
i'xij'xx 2271 YVY] vy 66Y1'XYY]'XY‘

Yoo )

D 14 2 ! .
¥ (YiXXY]VY+Y]'XXJYY

12

)

+ 2D ( Y

+
16 Y

i'xij'xy j'xin'xy

Y., )} an (2.15)

Y.r 37y i xy

. + Y
i'yy' 3" xy

+ 2D26( Y

Note that Kij is symmetric.

Now we can put our expressions for T and V in equation (2.2). First

for kinetic energy:

(s34
Qe

8T_1i§ 3. .
a5, "zl ity L g

A
el
—r

2]
[
[a

using =i = 6, and expanding

i
1 . 1 % .
aq. 2 X Mrj qj *3 Mir 4 (2.17)

since M is symmeitric we can sum the two partis:

3
3T :
3T Tl My (2.18)

similarly for potential energy:

v YK . a. (2.19)
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finally

4
d

(a4

We note that:

9T

5&; =0

and put these into Lagranges equation, using r=i:

%M.,§,+§K”q,=g_ (3 =1,2,...N) (2.21)
1] 3 i3 3 i

in matrix form:

M (2.22)

Q3

+Kg=20

This equation will be used to derive all the displacements and motion of
the wings. The five mode shapes used are listed on table (2.1) where

the variables have been separated in the form:

Yi(x,y) = ¢i(x) ¢i(y)
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Mode ii,(_X) i)iLY)

e1x €1x
1. cosh(T )-cos(—T)
€ x € X
—%{sinh(%)—sxn(-%——)} 1
€ x € X
2. cosh(-%——) —cos(—i-)
sz €2x
-az{sim(~[—)-sin(7—)} 1
3. sin ( % ) %
4. sin ( 2‘2-:-) {_
x X 4y _1
5. . (1-7) ( > 3)
where:
€] = 1.8785104 a] = 0.734096
€9 = 4,694091 a2 = 1.018466

Table 2.1 Assumed modes used in the Rayleigh-Ritz analysis.

The first two are cantilever beam bending modes the second two are
beam torsion modes and the fifth is a chordwise bending mode. You may
notice that modes 3 & 4 do not meet the boundary conditions for a

cantilevered plate at the root where w,y is zero. But the error is

small away from the root and an aspect ratio correction for this is made

19



in the stiffness matrix terms. Jensen in reference 3 goes through in
detail the algebra for working out the mass and stiffness matrix terms
and he also derives the torsion stiffness ‘correction factor. In this

report only the results are stated.

Mass Coefficients

M. = mctI Moo= 2t w o= Amet
11 = e 337 12 73 55 = 45 5
mcl

= Moo= = M =0 i# 4
My, = I, 44 = 12 la i3 -0 173

Stiffness Coefficients

Piq€ P4°
Kii =73 % Ko =3 1o Kjy =0
L L .
2D 4 16D
K_ =0 K = —21 K =—9271 4 26 |
12 23 .2 M1 35 _ .2 16 2 17
L 32 c
2.6 D, ¢ 4Pee 27 2
Ki3 = P 7 %24 T2 L2 Kaq = 5z T1o ( 3n/2 )
D .
« = 6 L - 8.6 L - 46 - 16D ¢ .
14 ,2 '8 25 cg 13 45 = _ 2 20 2 21
L 3%
8., 4Pes kKip y 2
Kis =z To K33 = sz s (777 )
. 4, c ., 64D % .. 64D .
55 ~ ,eg3 22 3 5 3k 23

20



Where the original values for K33 and Kuyy were changed using the aspect

ratio correction worked out by Crawley and Duqundji (contained in

reference 4).
where:

5 L2
11¢

B = 48p_ 42
66

And the values of kyp ( n = 1,2 ) are plotted vs. B in figure 2.2.
The integrals and their values are listed in table 2.1.
For our particular wings, values of Dj4 were calculated using the

material constants listed below.
E, = 98 x 10° N/m?
Ep = 7.9 x 10° N/m?
\)LT =. 0.28

G 5.6 x 10° N/m?

LT
wing thickness = .804 mm
density of wing = 1520 kg/m3

The engineering constants are for Hercules ASI/3501-6 graphite/epoxy for
out-of -plane loading (see reference 5 for an explanation on the

differences in the engineering constants for in plane and out of plane

loading).

21
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2.2 static Deflection Analysis

For static loading, all inertia terms in equation (2.22) are zero

so we have left:

Q is the modal force where:
= aa {(2.24)
o, =/lrpx,
where p is a distributed load per unit area.
For our tests the load was applied at x = £ so we have:
c/2 2
o =/ [ exy) 8x-2) ¥ (x,y) aa
-c/2 0
c/2
= ey Y (L) &y (2.25)
-c/2

where P is the load per unit length.
For the bending load the apparatus used was assumed to apply a

23



load constant in the y direction so we can take P out of the integral.

c/2
o =P / Y (2,y) dy (2.26)
-c/2

Now we need only insert the five modes to get the five values of Q..

They are listed below.
Q1 = 2Pc
Q» = -2Pc
B =0 =0 =0

For the torsional load the test apparatus was assumed to apply load

linear to y such that:
p = ay
where a is a constant.

Our equation becomes:

c/2 ‘
0 =aly Y_(2,y) dy (2.27)

Y
-c/2

24



Again, putting in the five modes we get:

Q1 =9 =05 =0

ac2
% =12
2
ac
%= 12

The values for Q were calculated and put into equation (2.23) which was
solved for the column vector (. The values of g were then put into
equation (2.1) to get the analytical deflection. The results are shown

together with the experimental data on figure B.1 to B7.

2.3 Steady Airload Analysis.

When put in an airstream at a given angle of attack a wing
generates airforces, indeed this is its purpose. These airforces not
only support the weight of the airplane but they also bend and twist the
wing itself. This deformation of the wing, in return, by changing the
angle of attack, changes the airforces on the wing. The result, shown in

figure (2.3) is a simple feedback system.

dynamic force(a) wing
a c_. curve > >~ .
0 £ pressure stiffness
wing
shape
‘
twist (0)
geometry

Figure 2.3 Flexible wing twist feedback system diagram.
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When the 1loop converges to a certain value we have the final
deflection. In certain 1linear theory analysis when the airspeed is
increased beyond a critical value the 1loop does not converge and
airforces and deflection increase without limit. This 1is called
divergence. In the real world there are limits to the actual increase in
deflection and airforces. They come about due to distruction of the
wing, non-linear stiffness of the wing or non-linear increase of airload
with increases in the angle of attack. With our wings the most important
non-linearity, especially at airspeeds at and below the divergence
airspeed, is the non-linear increase of airload with angle of attack.

For the steady airload analysis we put in this non-linearity by
using the 1lift and drag curves for a flat plate ffom reference 10 shown

in figqure 2.4.

reference 10 data

angle of attack

Figure 2.4 Lift ands drag curves for a flat plate.
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The force that deflects the wing is the force perpendicular to the

wing (in the z direction).

dependent on angle of attack as shown in figure 2.5.

Lift

Figure 2.5 Components of force for a wing at angle of attack .

From fiqure 2.5 we get:

Cf = 02 cost + Cd sin a

Resultant
Force

Drag

This force has a component from lift and drag

(2.28)

For the 1lift component of force, I made a Cg(j1ift) vs. & curve. This

curve was approximated by a polynomial of the form:

Ce(rift) =

27

(2.29)



»
For our purposes n = 4 gave a sufficiently accurate curve. Both the

coefficient of force curve and the polynomial approximation are shown in

fiqure 2.6.

4 3 2
Cf = =37.707200 + 42.472a - 23.167a + 6.6746a {a in radians}

(2.30)

0.8 -
0.6[
Ceqrife)
0.4
reference 10 data
— —— - approximation

0.21

0 1 1 1 1 1

0 4 8 12 16 20

angle of attack

Figure 2.6 Approximation for the Cg curve.

This gives the section coefficient of force from 1lift as
function of angle of attack but we also need to know the dependance on
and y, or in other words, force distribution on the wing. In reference
Selby showed the lift distribution of a rigid wing. This.,was used as
guide for modeling the force distribution on our wing. Again

polynomial approximation was used. The distribution in the chordwise

28
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direction and the approximation are shown in fiqure 2.7 as coefficients

of pressure versus chord.

Approximation equation for force distribution in the chordwise y

direction:

(2.31)

20

reference 4 data

— — — " approximation

15

10

(y + 0.5)/cord

Figure 2.7 Approximation for the Cp curve.

Both the approximation and the theory give 25% chord as the center of
pressure in the y direction. Reference 10 shows the coefficient of moment
about the quarter chord vs. angle of attack. From this we can calculate

the center of pressure movement with changing angle of attack by using:

c = ( Yop ¥.25c ) C, (2.32)

where Y., is the center of pressure location.
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To approximate this, a modification was made to equation (2.31). The
center of pressure movement and its approximation are shown in figure

2.8.

Approximation equation for force distribution in the chordwise Yy

direction with a correction for cp movement:

c_ = ( 3.5 - 5.71a )+( 0.5 -y ) 2:3 4 1.63a (2.33)

C
p p avg

reference 10 data

0.4 — —— approximation

cp

] 1 i 1 )
0 4 8 12 16 20

angle of attack

Figqure 2.8 Center of pressure movement with changes in angle of attack.

In the spanwise x direction, the 1lift distribution was calculated

using lifting line theory. I used the matrix equation given in reference

-1
1 1 1 . .
{a} = [:i;;]4-gz'[\sin¢ rsinr® sinr@ {ccl} (2.34)
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where: a = 27

0
¢ = chord
% = semi-span
X
9, = cos” (&)

r=(2n-1)

column number

=]
"

m row number

The lift distribution was calculated for three cases, a rigid wing
at 2 degrees angle of attack, a wing with positive twist of 4 degrees
with the root angle of attack at 2 degrees and a wing with negative twist
of 4 degrees with the root angle of attack at 6 degrees. These three
cases span a good part of the low angle of attack deformation conditions
for our wings. The three cases along with the approximation used are
plotted in fiqure 2.9. The same approximation was used in all cases.

Note that Cg = Cg /o(root)

a(root)

Bpproximation equation for force distribution in the spanwise X

direction:

} (2.35)
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& = 2 deg. constant
lifting line
8 — —- approximation
C‘ r
® (root) T —
R \
N \
0 . ,
0 0.2 0.4 0.6 0.8 1.0
x/length
6

& = 6 deg. root to 2 deg. tip

\ — lifting line

approximation

0 0.2 0.4 0.6 0.8 1.0
x/length )

16 [ @ = 2 deg. root to 6 deg. tip
——— lifting line

— -~ . approximation e \

12

8
c
2c:x’.(r:oot;) // A \
\\‘
1
\
0
0 0.2 0.4 0.6 0.8 1.0

x/length
Figure 2.9 Spanwise lift distribution for various twist conditions for a

straight wing (A = 0).
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Finally, for drag I used the curve from reference 10 shown in
fiqure 2.10 with its approximation. Drag was assumed to be a function of

angle of attack only and not of x and y .

Approximation equation for force due to drag:

3
C,_. = C_ sina = 3. -3
% (araq) 3 sina 3.5a (2.36)

——— reference 10 data

— — - approximation

Cf(drag)

angle of attack

Figure 2.10 Change in force due to drag with changes in angle of attack

Putting all the approximations together we get a two dimentional force

distribution on the wing where:

cC =2¢C [ a, %El

Q<
S
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c —(Aa4+Aa3+Aa2+Aa)
p 4 3 2 1

-1.11[1-(%;-) ]{(3.5-5.71(;)[0.5-(%)2.5]4-1.630(}

3
+ 3.5a (2.37)

For &, the vast majority of the twist (0) is from the first assumed

torsion mode so I used equation (2.38) for @ = &) + O .
q

a(x) = oy + sin_1( —% ) sin( %) (2.38)

This completes the distributed force coefficient term. Multiply this by
dynamic pressure and we get the distributed force per unit area. This

was put in the Rayleigh-Ritz analysis to get the modal force Q.

L c/2
~Qr = f f f(x,y) v(x,y) dx dy (2.40)
0 -c/2 ‘

The equatidn was solved on a digital computer by numerical integration.
Then equation (2.23) was solved for g. Solutions were calculated for
three airspeeds 5, 11.5 and 16 meters per second at angles of attack from
2 to 20 degrees at 2 degree increments. If 16 m/s was highér than the
wing divergence speed, I omitted the calculation at that speed. For 5
m/s three iterations were sufficient, for 11.5 m/s five iterations were
sufficient and for 16 m/s up to seven iterations were used. The results
for a straight wing (A = 0) are plotted along with experimental data in
figures C.1 through C.13.

2.4 Wing Divergence Analysis.

Basically a wing diverges when the aerodynamic forces from

increased angle of attack due to twist are stronger than the resisting
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forces from the wing's torsional stiffness. When wings are swept,
bending also causes changes in angle of attack while bending stiffness
resists these changes.

To calculate divergence, therefore we need to relate the stiffness
forces to the aerodynamic forces. 1In matrix form the torsional stiffness

equation is :
{e}=[cze]{f'}+[cee]{m} (2.41)

If the forces and moments can be combined to make a force at a specific

chordwise point we get:

{elt=(c]{Fr} (2.42)

The aerodynamic forces for a station along the span are:
L= cczq { q = dynamic pressure } (2.43)

In matrix form we have:

{L}=q[W]{ch} ’ (2.44)

Where [ W'] is a weighting matrix for the stations chosen and contains
the appropiate amount of spanwise length to make the running lift the
1ift for the area covered by the station. In this case lift is the force

in equation (2.42) so we have:
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or:

We note that a =qay + ©

Where @y is the rigid or root angle of attack.

To calculate divergence, we set ag = 0,

{al={0}
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so we get:

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)



and
foel=lc]lwlla] {eo] (2.51)

This we recognize as a characteristic value equation where for the first

characteristic value, say A, we have:

A= — (2.52)

q(diverqence)

This is the form of the solution to the divergence problem. We need
only determine the three matricies [ C ], [ W ] and [ a ]. Because the
compliance matrix will be made to match the aerodynamic matrix we will
determine the aerodynamic matrix first.

To derive the aerodynamic matrix I used the Weissinger L-Method.
This method and its theoretical foundation are outlined in reference 7.

The final matrix form for 1lift symmetric about the fuselage is:
[} =[2a%]] cclS } (2.53)

DeYoung and Harper is reference 11 write this equation in the form:

(m=-1)/2
a = 2 a_ G (2.54)

v vn n
n=1

The ayp terms are the terms of the aerodynamic matrix and Gn is a

form of the chord times the 1lift coefficient. They have graphed values
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.for the aerodynamic matrix terms versus wing geometry giving a 4 x 4
aerodynamic matrix. Although the swept wing was of primary interest in
the divergence analysis, I constructed an aerodynamic matrix for both the
straight wing and a 30 degree swept forward wing ( A = 0, =30 ). With the
aerodynamic matrix and known angle of attack, a simple simultaneous
solution of the four equations gives the section coefficient of 1lift.
The results are shown for constant angle of attack for both straight and
sweep forward wings in figure 2.11. The lifting line results for the
straight wing are coplotted for comparison.

The four stations used by Harper and DeYoung are the four so

called Multhopp stations and are at:

= .,9239, .7071, .3827, 0.0

=%

for the stations 1, 2, 3 and 4 respectively. This method puts the bound
vortex at the quarter chord while meeting boundary conditions at the
three quarter chord. This is equivalent to saying the force is at the
quarter chord while the angle of attack is measured at the three quarter

chord position. This gives us the necessary information to match the

compliance matrix to the aerodynamic matrix.

Also reference 7 gives the terms in [W] when using the Multhopp

stations.

To calculate the compliance matrix we will use the coordinate

system in fiqure 2.12.
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6 =
4
C N \
yl(root) ——  Weissinger L-Method i
e — = lifting line
2 r A =0 degrees
] ] 1 1
0 0.2 0.4 | 0.6 0.8 1.0
x/length
& = constant
6 .
') Multhopp statioms
A = -30 degrees
4 =
C
‘2 (root)
2 f=
! N : H
0 0.2 0.4 0.6 0.8 1.0.

x/length

Figure 2.11 Lift distribution in the spanwise x direction using the

Weissinger L-method
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Fiqure 2.12 Swept forward wing coordinate system.

In our case all loads can be considered point loads applied at
quarter chord in the y-axis and at the Multhopp stations in the Xx-axis.

This reduces equation (2.24) to:

4
o = qu Fj(xj,yj) (2.55)

expanding this:
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SN - - - - - =31 N
9 FICH AR A CRPVRTRERACRA T

% L I R ACHH R ACE N RPN CEN ) F2 |
% Y(xprvy)  Yglxpryy) weees volxyy,) | Fa

{ol=[r]{rF] (2.57)

Now putting that aside for the moment, let's get a relation for twist

angle O. Using small twist angle assumptions we can say:

S v S
ow ow |
= - 37 cosh - % sinA (2.59)
For w we substitute in equation (2.1)
5 3y (x,¥) 3y, (X,)
0= - ié‘ ( --a—?.-— cosh + T sinA ) qi (2.60)

To get the twist at the four Multhopp stations we use the X-axis position
of the station for Ej and three quarter chord for ?j where j is the

index for the Multhopp station. This gives us:
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in expanded form:

871(x1'y1) 372(x1'y1)
3y 3y
5 3Y1(xz’yz) 3, (x,7,)
Ay y
3Y1(x4'y4) 3, (x4rv,)
oy dy
/ L
371(51,§1) ?Y2(§1’;1) cens
ax ox
a7, (%5:7,) y(xy¥y) L.
3x 9%
371(;4’;4) ay2(£4,§4) ..
9% 9ax

a1g(%,07,)

ax

3Y, (%, 7,)

X

375(;4'54)
ox

~d

sinf ) q

sinA

(2.61)

cosA

Calling the matrix that premultiplies {q} in equation (2.62), [S], we

have in short form:
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Now using equation (2.23) where we premultiply by the inverse of [K}.

{at=[x] {0} (2.64)

{e}=[s][x] {eo} , (2.65)

{el=[s][x] [r]{F} | (2.66)

(c]=[s][x] [=] (2.67)

{el=[s][x] [r][W][a] {eo} (2.68)

1
q

This equation was solved in a digital computer and the first
characteristic value gives the divergence velocity. With some of the
wings with negative bending torsion coupling, for the straight wing case,
the divergence velocity was imaginary. This indicates that according to
linear theory .the wing will not diverge. The results of the analysis are

shown together with experimental data in table 4.1.
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2.5 Flutter Analysis.
For flutter analysis, I used the well known V - g method. 1In

this method, structural damping (g) is introduced into the equation of
motion. since solutions of the equation of motion represent the neutral

stability condition solution, when g is negative the wing is stable.
When g 1is positive we see that damping is required for neutral

stability. Flutter occurs when g is equal to the actual damping of the
structure.
Assuming harmonic motion ( q(t) = g eibt ), the equation of

motion is:

2 iwt
( Mg)e =0 (2.69)

First we need to derive the unsteady aerodynamic forces in terms
of QO in equation (2.22). We will do this by deriving the variational

work (8W) and put that in terms of Q by using equation (2.70).

W= ) Q0 q (2.70)
r
n=1
The general form for 6W is:
1 c¢/2
&w =/ [ péw dydx (2.71)
0 -c/2
The term pdw can be separated into three components and their
about the

respective displacements; 1ift, moment and camber force
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midchord (LS6h, M8O and NGE).

where:

c/2
L=/ pdy
-c/2
c/2
M=-[ ypdy
-c/2
c/2
n= [ v opay
-c/2

45
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7777777 7 7 7T T - 7

Figure 2.13 Swept wing coordinate system and the displacement sign

convention.
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(reproduced here) for the swept wing geometry and

Using fiqure 2.12
then relating the

figure 2.13 for the displacement sign convention,

assumed modés to the different displacements we can write:

h = ¢1(x) q, + ¢2(x) 1, (2.73)
0 =-{ l‘[ ¢, (x) q, + ¢ (x) q ] cosA + == sinA } (2.74)
c 3 3 4 4 dx
g = ¢5(x) dg (2.75)
Using equation (2.73) we can write equation (2.74) as:
1 - -
0= - {'g [ ¢3(x) a5 + ¢4(x) q, ] cosA
d¢1 -d¢2
+ [ a-i——q“ +a—f—q2 ] sinA } (2.76)
Putting equation (2.72) in equation (2.71) we get:
L L L
W= L6hax + [ M0 dx + | N 6E ax (2.77)
0 0 0

Now putting equation (2.73), (2,75), and (2.76) into equation (2.77) and

rearranging terms we get:
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L

) d¢, (x)
sw=1{ [L ¢1(x) dx - sinh [ M - = dx } 6q1
0
L -
_ a4, (x)
+ fL¢2(x) ax - sinAfM—-—(i-;- ax | 8a,
0
L
cosh f - s
0
L
coshA -
- s f M ¢4(X) dx 6q4
0
L
+ [N b5 (x) dx Sq (2.78)

0

Now, taking the relations worked out by Spielberg for 2-D incompressible
aerodynamic theory in reference 12, and adapting them to our swept wing

case, we get equations for lift, moment and camber force.

2 3 iwt h 3
L="mpw b e ( LA 5 t Ly 0+ Le ) cosh
2 4 int h £
M =1Tpw b e ( M, 5t My 0 + Mo, ) cosA
2 3 int h 3
N =Tpw b e (N —+ Ny © + N, b ) cosA (2.79)

ADb

Where p is the air density, & is the oscillating frequency, b is the
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semichord and the functions La, Lg, Lo, Mpa, etc are
non-dimentional complex functions of reduced frequency k = Wb/V, given

by:

2C (k)
Ly=1-1 7%
i . Cc(kx)  2c(k)
L_=—+1 +
B~k X 2
1 . C(k) 2C(k)
L = -——-1i -
3K 2
c 12 .
c(k)
MA = - 1 X
L _l__t,, St cx)
B8 Zx*t¥ x *t 2
k
i C(k) 1 C(k)
Moo=k " ek T2 2
K k
1 c(k)
Ny =-72 -3
N i, S co)
B 3k 6K a2
1 Cc(k) 1 C(k)
c” 36 ek 2 g2

where C(k) is the Theodorsen function.
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These equations assume harmonic motion such that:

iwt
h(x,y,t) = h(x,y) el , etc. (2.81)

Putting equations (2.79), (2.73), (2.76) and (2.75) in equation (2.78),

using equation (2.70) and rearranging terms we get for Qy:

iw
Q1 = 1rpw2b3el t.

L L -
L 2 A d¢, (x)
{ [ cosA 2 f ( . (x) ) dx - cosh sinA L_ [ ¢, (x) — dx
b 1 B 1 ax
0 0
L - - [} -
d¢1(x) _ 2 d¢1(x) 2
- coslA sinA MA f = ¢1(x) dx + b cosA sin"A MB f ("7§§- q,
0 0
2 L -
L, - - _ dé,(x)
+ [ cosA . f ¢1(x) ¢2(x) dx - cosA sindA LB f ¢1(x)-—j§§~— dx
0 0
) -
a¢, (x) _
- cosA sinA My f Frama ¢2(x) dx
0
2’ - -
2 d¢1(x) d¢2(x)
+ b cosh sin“A MB [ = = dx ] qa,

o]
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L 2 -
2 . do_ (x)
- - b A sinA 1 -
Ly / ¢, (x) ¢5(x) dx - COSc = Mg / o #(x) dx ] 93
0 0

2
cos A
- [ =

L 2 -
2 2 . d¢, (x) -
cos A - - _ bcos A sinA 1 £ (x)
- [ ——E——-LB f ¢1(x) ¢4(x) dx — MB f I 4 dx ] q,
0 0

L 2 -
Lo _ _ d¢1(x)
+ [ cosh Er-f 9, (x) ¢5(x) dx - cosA sinA M. /

T oy ax ] g,
0 0

2 3 iwt
Q2 = Tpw b e .

L 2 -
L, _ _ _ d¢ (x)
{ [ cosh 5 / ¢2(x) ¢1(x) dx - cosh sinA Ly f ¢2(x) % dx
0 0

) -
d¢2(x)

dx

- cosh sinh M, f ¢1(;) dax

0

. a,(X) ¢, ()

. 2
+ b cosA sin"A My f ax ax dx ] q,

0

2 2 =
L, _ 2 - 49, (x)
+[ cosA-g— / ¢,(x) dx - cosh sinh L, / ¢ (x) —37— dx
0 0

) - -
d¢2(x) d¢2(x) 2

- cosA sinA My / - ¢2(§) dx + bcosA sinzA Mg J( = ] a,

51



2

2 .
= A Ly f ¢2(x) ¢3(x) dx - b CO%_A sinA

c
0
‘ 2
A K]
== Ly / ¢, (x) %y (x) dx - b CO; A sinA
0
2
c;sA Lo f ¢ (x) ¢ (x) dx - cosA sinA M f
° 0
2 3 iwt .

Q, = - TPw b'e

.l

+ [

- [ ===

- [

L

coszA - _
¢ M2 [ ¢3(x) ¢1(X) dx -

EJEEMAEﬁPA
c c

0

2
COSAM f¢<x)¢(x)ax-

b coszA sinA

L

2 cos A — = % f ¢4 (x) ax | a,

2
MB f ¢3(X) ¢4(x) dx ] a,
0

b cos’h
-2
(o]
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0

2
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2

+[°25AM [ 450x) ¢5(x) ax | q
0
Q4= -npw2b3eiwt .
2 2 -
2 . d¢. (x)
cos A b cos A sinA - 1
{ [ =F=m [ 4,00 ¢, ax = My [ 6, (%) —=— ax ]
0 0
: 2 dé_ (x)
. x
. [ cos A M f ¢ () ¢ (%) dx _ b cos g sinA M I b (%) 2 ax ]
O .
2
_[chsAM [ 6,0 833 ax | a,
c
0
L
3 2
b cos™A -
- [ 2=y [0 ax ] q,
c
0
2
coszA - -
+ [ = Mc f ¢4(x) ¢5(x) dx ] a4
0 ]
2 3 iwt
Q5='“'pwbe .
L L
cosA - d¢ (x)
{ [ 5 N f¢(x)¢(x) dx-cosAs:mAN f¢(x)-—~—-dx q,
0 0
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L L

cosA - - - d¢2(;)
+ [ -—b—-NAf ¢5(x) 4>2(x) dx - cosA sinA NB f ¢5(x) —5= dax ] 1,
0 0
L
coszA - -
- [ ZF vy [ eg(x) 640 dx | g
0 (2.82)
A
coszA - -
- [ = Ny f ¢5(x) ¢4(x) dx ] q,
0
L
cosA -2
+ [ 5 Ne / ¢5(x) dx ] qg
0

Inorder to integrate with respect to the variable X we use the

substitution;
(2.83)

x = X coshA

This makes the limits of integration: O to % /cosA or O to %, which is the

original distance in the unswept case. Now we write Q in the form:

3 iwt
Q =mwbe ¥ LI (2.84)
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where the terms of [A] are:

2
cos A 2 . 2) o
A11 = 5 LA 2 I1 - cos A sinA LB 124 - cos A sinA MA 124
2A i 2A M 'l I
+ b cos sin B L 25
2 2 b cos A sin’A
A, = - cos A sinA Ly I, = cos A sinA My I,9 #+ % M3 Iz
31\ b 31\ inA
cos cos A sin
B3 =~ —g Igtiyt g "5 T30
3A b 3A inA
cos cos A s .
A14- -—-.-8-’— LBl 131 + 5 MB I32
cos A 2
_cos A - i I
A1S = Lb 2 133 cos A sinA MC 34
5 2 b 2A i 2A
. ' _ cos A sin
A,, = - cos"A sind L, I,, - cos A sinA M, Ie * ) My I
ZA 2 2
cos ; i
A22 =5 LA L I2 - cos A sinA LB 135 - cos A sinA MA 135
2 2 1
+ b cos A sin'A MB T 136
3A b 3A sinA
cos cos
Ry =" TF L tIyt g B 38
3, b cos A sinA
cos cos A sin
P T Wt et T M3 Iy
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2
cos A

2 .
A52 =—5 NA 2 I41 - cos A sinA NB 142
3
cos A
Bgy = - —o - Ngt I
3
A _ _ cos A N &I
54 c B 44
2
cos A
ASS == NC L 15 (2.85)

The integrals and their values are listed in table A.1.

From this point on, the flutter analysis for the swept wing is the
same as the analysis for the straight wing as give by Hollowell and
Dugundji in reference 5.

Equation (2.84)“15 put in equation (2.69) and both sides are devided by

eilt,

Kq-w Mg=Tpwb A (2.86)

)

In the normal fashion for the V - g flutter analysis, structural

damping (g) is introduced by multipling X by (1 + ig). We define a

complex eigenvalue Z as:

7z =1+ *1d (2.87)

2
w
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we define a new matrix B as:

3
M + Tpb~ A (2.88)

tw
[

Finally putting equations (2.87) and (2.88) in equation (2.86) we have, a

standard form, complex eigenvalue problem:

{B-zx}qg=0 (2.89)

This equation was solved on a digital computer. Selected values
of reduced frequency k were used to calculate the aerodynamic matrix.
The eigenvalues Z were used to get the oscillating frequency w, the

structural damping required g, and the wvelocity V, according to equations

(2.90).
1 Im(2) _ bw
“=TR@m  ITRem YTk (2-90)

The flutter velocity was chosen as the velocity at which the structural
damping required to maintain neutral stability became zero on any of the
five modes. The associated value of w is the flutter frequency. To
simplify calculation of the Theodorsen function C(k), I used the R. T.

Jones approximation given in equation (2.91).

2 .
. . + 0.01365 ‘
clp) =0 52p + 0.2808 p [ p=ix] (2.91)
p° + 0.3455 p + 0.01365
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Note that by using large values of k the output frequency will be
the natural vibration frequency of the wing in an atmosphere of density
P. This technique was used to get the theoretical natural frequencies.

This analysis was done for all thirteen wings. The results are

plotted in figure D.9 through D.34.
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CHAPTER 3. EXPERIMENTS

3.1 Test Wing Selection

The criteria defining desireable characteristics of the test wings
are the same criteria used by Hollowell in reference 2. they are:

a) The wings should have a wide range of bending-torsion stiffness
coupling.

b) The wings should have constant chord, thickness, sweep and zero
camber.

c)The wings should flutter or diverge within fLe 0-30 m/s speed
range of the available wind tunnel.

d) The wings should be small enough to be made with the available
equipment for manufacturing graphite/epoxy plates at M.I.T..

e) The wings should not sustain any damage under repeated large
static and dynamic deflections. )

To give a good cross section of the range of

bending-torsion coupling and stiffness, both balanced and unbalanced
laminates were made at three different ply angles. 1In table 3.1'we can

see the range covered.

[0,/90]s
[+15,/0]s [+15/0]s [§15/0]1s ) [-15,/01s
[+30,/01s [+30/0]s [¥30/0]s [-30,/01s
[+45,/01s . [+45/0]s [$45/0]s [-45,/0]s
increased negative increased positive
—— O —
bending-torsion coupling bending-torsion coupling

Table 3.1 Different laminate layups used for the test wings.
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The [02/90]s serves as the only uncoupled example. Positive
bending-torsion coupling means when the wing is bent in the positive =z
direction the wing will twist in the positive twist direction. The
positive twist direction is the same direction as positive angle of
attack. Because of the layup convention shown in fiqure 2.1, +© fibers
on the outside plies result in negative bending-torsion stiffness

coupling and vice versa.

3.2 Static Deflection Tests

The goal for the static deflection tests was to test the
wings under static loads of pure force and pure moment. Also the loads
should be large enouqﬁ to cause large deformations, inorder to identify
any non-linearities in the stress-strain relations and thus identify the
limitations of our linear analysis.

The static deflection setup is shown in fig 3.1. It 1is

Figure 3.1 Static deflection test apparatus.
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constructed of sturdy wood beams with metal rulers attached to the
insides of the top horizontal beams. These rulers were used to measure
horizontal deflection while a carpenters square was used to measure
vertical deflection. To minimize measuring error we extended pins from a
balsa wood clamp at the wing tip. threads ran from two eyelets on the

balsa wood clamp around pulleys clamped to the side of the test apparatus

Fiqure 3.2 Static test stand with a moment being applied.

and down to weight holders. One eyelet was at the wing leading edge
while the other was at the trailing edge. To apply a force the pulleys
and weights were put on the same side of the test apparatus while to
apply a moment the pulleys and weights for the leading edge were put on

one side and those for the trailing edge were put on the other side. (see

fiqure 3.2)
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We applied force in increments of approximately 0.2 N up to 1.0 N
then in double increments till a bending deflection of approximately 12
cm. Moment was applied in a similar manner with initial increments of
0075 NM till approximately 0.2 NM. This caused a twist of from 8 to 22

degrees depending upon the torsional stiffness of the wing.

3.3 Wind Tunnel Test Setup.
We did the wind tunnel tests in the M.I.T. acoustic wind tunnel.

This tunnel has continuous flow with a 1.5 by 2.3 meter free-jet test

Figure 3.2 M.I.T. wind tunnel test setup.

section 2.3 meter 1long, located inside a large anechoic chamber. The

tunnel speed range is continuously variable up to approximately 30 m/s.
Velocity was sensed by a pitot tube in the throat immediately before the
test section and registered on a electrical baratron.

The test setup is shown in fiqure 3.2. The wing mount consists of
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a turntable machined from alluminum and mounted on a rigid pedestal. The
mount for the wing is attached to the top of the turntable. The
turntable allows rotation of the wing to angles of attack from -4 to 20
degrees while the top of the wing mount allows wing sweep in increments
of 15 degrees from -45 to +45 degrees of sweep. The photo shows the wing
in -30 degrees of sweep. In our testing only the -30 and 0 degrees of

sweep positions were used. .Slightly below the base of the wing we

Figure 3.4 Looking down on a test wing by using a mirror.
mounted a flat disk to provide smooth airflow past the model, a good
background for the vertical photos, a place to mount the angle of attack
control rod and also a place to mount a terminal for the strain gauge
wires. The disk was also labeled for each test to identify the still and

video pictures. A typical photo taken during a test is shown in
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figure 3.4. We hung a mirror over the wing to get the pictures looking
down on the wing. Figure 3.5 shows the location of the wvideo camera,
still camera, strobe and floodlight. When it was necessary to "slow
down" the motion during a flutter test we used a strobe, otherwise

floodlights were used. By checking the strobe frequency we could

determine the wing flutter frequency.

The scale on the disk was used to measure wing tip bending and
twisting. It is graduated in 1 cm increments. Since viewing angle and
position affect the picture you see when looking at the test wing through
the mirror, tests and calculations were made to adjust the apparent
displacement to the actual displacement. These adjustments were then

applied to the data readings off the pictures.

Fig.3.5 Equipment used to illuminate and record test wing movement.
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3.4 Natural Frequency Tests.

Hollowell, Jensen, and Selby (references 2,3 and 4), already
tested many of these wings for their natural frequencies. Also they have
shown that the theoretical analysis using the €five Rayleigh-Ritz modes
gives accurate results for the first and second bending and first
torsional natural frequencies. Therefore instead of doing extensive
natural frequency tests we did a simple initial deflection vibration
test. With the wing mounted for the wind tunnel test we gave it an
initial deflection in twist and bending, released the wing and recorded
the oscillations on the strip chart recorder. The resulting oscillations
contained strong first bending with weak second bending and first torsion

oscillations.

3.5 Steady Airload Test.

The steady airload tests were to be run at zero sweep and wind
speeds of 5, 10 and 15 m/s. However after investigating the results and
repeating selected tests we determined that the baratron on the original
tests was indicating a lower airspeed than the actual tunnel airspeed.
Using a different and accurately calibrated baratron during the repeat
tests we determined that the actual tunnel airspeeds on the original
tests were 5, 11.5 and 16 m/s within a tolerance of 0.5 m/s.

To run the test, first we set the tunnel speed, then using the
strain gauge readings we zeroed the angle of attack by setting it so that
the average bending and torsion gauge readings were zero. (The tunnel,
especially at higher speeds has enough turbulence to cause small
irreqular deflections in the wing causing temporary non zero readings
even at 2zero degrees angle of attack.) The wing was then run through
angles of attack from 0 to 20 degrees at two degree increments. We made
records of each incremental stop by strip chart records of the strain
gauge readings, still photos and video recordings. Following the
completion of tests at one airspeed we repeated the procedure at the next

higher airspeed. Once a wing showed moderate flutter, angle of attack
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was not increased at that speed. Some of the wings will flutter at 16
m/s at any angle of attack so that portion of the test for those wings

was omitted.

3.6 Flutter Boundary Tests.

A flutter boundary is a curve plotted on a airspeed vs. angle of
attack graph for a particular wing where one side of the graph,
invariably the Ilower airspeed side, is a flutter free area while the
other is a flutter area. Previous experimenters had found the flutter
boundaries of many of the wings in our tests. Our goal was to complete
these tests for all the wings at both no sweep and 30 degrees forward
sweep. Our procedure was to set the airspeed, zero the angle of attack
and then run through the different angles of attack checking for
flutter. When we encountered any flutter, either bending or torsion, we
made strip chart recordings and checked the frequency with the strobe.
After finishing tests at that airspeed the angle of attack was reduced,
the airspeed was increased by 1 m/s and the test procedure was repeated.
When airspeed is increased to the point where the wing flutters at all
angles of attack or the maximum tunnel speed igs reached final readings

are taken and the test for that wing is complete.

3.7 Flutter Test.

Our goal was to observe the actual shapes of the wing during both
low and high angle of attack flutter. In particular we wanted to

concentrate on observing the wing tip, getting not only qualitative data
but actual measurements of the bending and twisting seen at the tip. We
chose 1 degrees AOA for the low angle of attack flutter and 10 degrees
AOA for the high angle of attack flutter. Using data from the previously
run flutter boundary tests, we set the airspeed at the flutter speed and
then set the anqle'of attack. If the flutter was intermittent or of very
small amplitude we increased the airspeed by as much as one meter per

second inorder to get a flutter motion visible on the video pictures. Of
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all the flutter cases with the various wings, the wings fell into two
main categories; ones that had flutter dominated lpy torsion oscillations
and ones that had flutter dominated by bending oscillations. The torsion
flutter frequencies were in the area of 30 to 60 hz. T}}is is muchbto
fast to see clearly with the .eye and even using a video camera the motion
will come out blur.red on each frame. However since the motion is steady
in a periodic sense it can be captured by use of a strobe. The strobe
flash frequency is set near the flutter frequency by visual observation,
resulting in flutter motion that can be viewed at apparent slow motion.
The images also record relatively well on a video camera. The strobe has
a very fast flash during which the wing moves very little, giving a sharp
but brief image. the video camera elements, however, have a certain
amount of persistency, holding the image after the flash has stopped. So
when the video camera scans it has an image nearly all the time even
though the flash lasts less than 1/1000th of a second. For this reason
.the video pictures made using the strobe provided all the quantitative
data on the high frequency flutter. When the flutter- frequency was low,
as in bending flutter, we took video pictures using alternately strobe
and floodlight. Under floodlighting the video picture was clear but
still to fast to take measurements. While recording under the strobe the
video recording was blank with an occational brief picture. However,
when individual frames were viewed in still motion, the floodlight video
pictures were easy to interpret. The strobe lighted video pictures were
another matter. When the strobe had flashed a single video frame was
clear, otherwise it was blank. With the strobe flashing at about 5 hz
and the video camera scanning at 30 hz there is one clear frame followed
by approximately 6 blank frames. This large spacing between good video
frames along with the slow flash rate in relation to random turbulence
induced motion in the tunnel made it difficult to know when we had a
picture of the wing at maximum deflection. Therefore the floodlight

video pictures provided the bulk of the data for the bending flutter

cases.
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In all cases, we took video pictures from the side and looking

down of the wing wunder both strobe and floodlight. By properly

positioning the mirror we could change from the side view of the wing to
the top view by merely changing the camera viewing angle. The side views

are used for qualitative evaluation of the flutter motion. The side view
can identify nodes in the wvibration shapes and is especially helpfull to
identify the presence of any second mode bending. The top view clearly
showed the motion of the wingtip relative to the root. Using the scale
on the background we were able to measure the deflection in both bending
and torsion of both extremes of the flutter motion. With the strobe
frequency set at approximately twice the flutter frequency the two
extremes of the flutter motion could be captured on the same picture.
Similarly by using a double exposure on the still camera the two extremes

are caught on the same picture. This is shown in figure 3.6.

Figure 3.6 Double exposure showing extremes of flutter motion.
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CHAPTER 4. RESULTS

4.1 Static Deflection

Perhaps the best way to examine the results of the static
deflection Rayleigh-Ritz analysis and experiment is by looking at two
typical examples. Picking the [02/90]s and the [+152/0]s layup wings
results as shown in figures B.1 and B.2, we can compare the deflections
produced under similar loading. The most striking thing we see is the
effect of bending-torsion coupling. While the [0/90]s layup wing only
benjs under a force and only twists under a moment load, the [+153/0ls
layup wing both bends and twists under either a force load or a moment
load. It is this property that gives the wings their interesting
aeroelastic properties.

Some of the noteworthy properties of all the wings are:

1) Bending-torsion coupling increases with increased
absolute value of the fiber angle of the outer plies for both the
balanced and unbalanced layups (balanced means that for every +© ply in
the wing there is a -© ply).

2) The bending-torsion coupling for a [+0/0]s layup is
opposite in sign from a [-©/0]s layup, but equal in magnitude.

3) Bending stiffness decreases as ply fiber angle is
increased.

4) Torsion stiffness increases with increases in ply fiber
angle up to 30 degrees. The 45 degree ply fiber angle layup reverses the
trend and has a slightly lower torsional stiffness than the 30 degree ply
fiber angle layup.

With a few exceptions all wings deformed in close agreement with
linear theory in the so called small deflection range. For these wings
the linear range was bending up to 5 centimeters and twist up to 6
degrees. At larger deflections the wings show a general tendency to
become stiffer than linear theory predicts. This was an expected result
due to the increasing influence of non-linear factors in the wing and in

the test procedure. For example, loads were always applied perpendicular
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to the wing undeflected position (force in the z direction and moments
about the x axis). But with large deflections the loads were no longer
at right angles to the wings new position. Therefore the amount of
effective load was somewhat less that the actual applied load.

The coupling deflections, that is, the twist due to applied force
and the bending due to applied moment, held close to linear theory on the
wings that had a large amount of coupling. The exceptions were the
coupling deflections of bending due to moment for some of the 1lightly
coupled wings. In particular, the two balanced layup wings with the
lowest bending-torsion coupling, the [+¥15/0]s and [+30/0]s layup wings.
Both of these wings had large deviations from linear theory with bending
due to moment in one direction. Moments of opposite sign produced
expected bending results in the other direction. In particular,

examining the [%15/0ls layup wing test results, shown in figure 4.1, we
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figure 4.1 static deflection test results for [$15/0]s layup wing,
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see that when a positive moment was applied the wing bent slightly in the
direction opposite of the one predicted by theory. Yet , for a negative
moment the wing bent as predicted. Upon close examination of the wing we
found that in its unloaded state it had a slight chordwise camber,
negative looking down the wing from the wingtip, as shown in figure 4.2.

According to plate theory, a certain minimum load must be applied in the

wing

Figure 4.2 Initial camber (exagerated) in the [¥15/0]s layup wing.

negative direction to buckle the plate in order to get any deflection in

the negative direction. Since the coupling force is weak (at 0.2 Nm of

moment the expected bending is equivalent to that produced by a force of
only 0.3N) it apparently is unable to "pop out" the camber in the wing
and therefore .the wing does not deflect in the positive direction. The
[+30/0)s wing had a similar problem although somewhat less severe.

The initial camber in the wings was probably caused by not
orienting the plies exactly at the proper angle during layup, causing
them to be cured slightly out of alignment. This is not an easy problem
to avoid, and very small deviations will produce significant warping.

Nearl? all wings had some inadvertent warp but the large coupling present



in most wings could develop enough force to overcome the problem. It was
only in the lightly coupled wings that initial camber caused significant
deviation from linear theory.

One point to note is that if we bent the wing enough to pop out
the camber and then applied the moment, coupling behavior was normal‘.
When airloads are applied in the wind tunnel the lift is strong enough to
pop out the camber so the wing could still be expected to act according

to the linear analysis.

4,2 Steady Airload Deflection

Qualitatively, both the analysis and the test results were what
one would logically expect. The wings with negative bending-torsion
coupling (positive bending produces negative twist) deflected much less
than their counterparts with positive bending-torsion coupling. This
indicates that the negative coupled wing did reduce and redistribute the
airload by decreasing the angle of attac}'c of the wing sections. The
video pictures confirmed the decreased angle of attack. of the wing tip.
However, if we compare the [+155/0]s layup wing with the [+30,/0]s layup
wing, we see that the wing with the more negative bending-torsion
coupling deflects more than the one with the less negative coupling. The
reason is that as we increase the ply fiber angle we not only increase
bending-torsion coupling but we also decrease the bending stiffness.
Therefore, although the [+302/0ls layup wing may twist more and therefore
lower the airload more than the [+15,/0]ls layup wing the difference in
bending stiffness offsets the difference in coupling.

We can see the interplay between bending stiffness and
bending-torsion coupling if we examine the steady airload deflection at
one airspeed and no sweep (A = 0) for the four wing layups that use a
particular degree ply fiber angle. Figure 4.3 shows the theoretical
calculations results for the four 15 degree fiber angle layup wings at
11.5 meters per second airspeed. The twist angles follow directly the
amount of bending-torsion coupling. The bending deflection (w) however,

depends on the combined effects of bending stiffness and bending-torsion
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coupling. The (*¥15/0]s layup wing bends the 1least because of its

STEADY AIRLOAD
ANALYTICAL RESULTS
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Figure 4.3 Steady airload analysis on the four wings with a 15 degree

ply fiber angle at 11.5 m/s and A = 0.

higher bending stiffness aﬁd slight negative twist. The [+152/0]s bends
just slightly more. Apparently its negative coupling could not completely
compensate for the decreased bending stiffness. The following two wings
follow in order of bending-torsion coupling at low angles of attack.
Then at higher angles of attack the [¥15/0ls layup wing bends a little
less than the [+15,/0]s layup wing. At a root angle of attack of 20
degrees the slightly higher angle of attack of the [¥15/0]s layup wing
results in only a very minor increase in the coefficient of force.
Therefore, the higher wing stiffness dominates. In general we can say
that when at a fixed root angle of attack negative bending-torsion
coupling will cause a wing to both lessen the total airload and also
redistribute the airload toward the root, while positive bending-torsion
coupling will cause a wing to increase the total load and redistribute it
toward the wing tip.

. One point worth noting concerning the [*¥15/0]s layup wing is the
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fact that under airload it had wvery 1little twist. In this case the
coupling force was approximately 3just strong enough to cancel the
twisting force generated by the airload. In twisting this particular
wing acted much like a rigid wing. It is easy to imagine a case where
this could be an advantage in a wing design.

At the higher airspeeds used in the test the highly positive
coupled wings showed a tendency even at low root angles of attack to
continue twisting until the wing sections near the tip reached angles
that produce a coefficient of force near the maximum coefficient of
force. For example. the [-45;/0]s layup wing at 11.5 m/s at 4 degrees
root angle of attack had twisted an additional 6 degrees and reached a
deflection of 6 cm. This put the tip at 84 percent of maximum
coefficient of force. In a practical sense we can say the wing has
diverged. Unlike classical divergence there are 1limits to the twist
because we have used a realistic coefficient of force that has a maximum
value.

‘ Comparing the analyti¢al and experimental data quantitatively (see
figures C.1 through C.13) the agreement is satisfactory considering
atainable accuracy in measurement except for a few areas. In particular
at higher angle of attack the [05/90]s layup wing at 11.5 and 16 m/s and
the [*15/0]s layup wing at 16 m/s had experimental values much higher
than those predicted by the analysis. The high experimental readings
were coincidental with the appearance of torsional flutter of the wings.
In other words once the wing stari:ed to flutter in torsion it also bent
more than predicted by the analysis. This is a preliminary indication
that when in torsional flutter, the wings have a higher average
coefficient of force at a certain airspeed and angle of attack than they
would without the flutter. This means that either the lift or drag or
both increase or are redistributed toward the tip when the wing
flutters. Clearly the wings are taking more energy out of the air
inorder to sustain the vibrations. Also it seems logical that the
vibrations cause some additional disturbance to the airstream thus

increasing the drag. These reasons for the increased deflection are
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speculation, however, the one conclusion we can draw is: Once a wing
starts to flutter it does not vibrate about the steady state position it
would have were it not fluttering. Therefore we also conclude that any
steady airload analysis that does not include the average of forces
generated by the unsteady airloads in flutter will underestimate the

average airload and therefore underpredict the average deflection.

4.3 Divergence Velocities

The divergence investigation can be considered the limit of the
steady airload investigation. We are looking for the static stability
limit, the point where the linear feedback system mentioned in chapter
two no longer converges. '

The investigation pointed out the extreme differences between the
wings due solely to different ply fiber angle layup patterns. By
examining table 4.1 we see that for a straight wing divergence ranges
from a low of 12.4 m/s to a high of infinity. For a straight wing (A=0)
the rule is simple: With a sufficient amount of negative bending-torsion
coupling the wing will not diverge. The actual value of the crtitical
amount is somewhere below that of the ([*¥15/0]ls layup wing, our most
lightly coupled wing. On the other hand, positive bending-torsion
coupling lowers the divergence speed in relation to its magnitude.

For the 30 degree swept forward wing (A=-30) the investigation
showed there is an optimum fiber angle layup pattern for increasing
divergence speed. Because bending causes increases in angle of attack
due to geometry, all the wings have a finite divergence speed. However,
by using the optimum layup pattern the divergence speed can be more than
doubled over that of the uncoupled layup wing. The optimum layup pattern
among those we used was the [+15;/0ls pattern. By examining the [0,/90]s
and the [+302/0]s layup wing results we can speculate that around a
[+20,2 /0]ls layup wing would have the highest divergence speed.

Of all the analysis done in this project the divergence analysis

gave results that best agreed with experimental results. This can
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WING A = 0 degrees A = -30 degrees

Theoretical Experimental Theoretical Experimental

(m/s) (m/s) (m/s) (m/s)
[02 /90]s 29 Jeddk ok ' 24 kxkkk
[+152/01s o kkkkk 56 LET 2
[x15/01s ® kkdk & 31.4 * kdedede
[+15/0]s 24.2 hhkkd 20.9 19
[-152/01s 16.5 18 15.6 15
[+302 /01s © fkkkk 39.4 Tkk kK
[t30/0]s ) dkkkk 26.1‘ *kkkk
[¥30/01s 24.7 24 18.5 17
[{-302/0]s 14.2 15 12.4 1
[+452/0]s @ P 21 | 20
[+45/0]s g khkhh 18.4 20
[¥45/0]s 24.1 22 14.9 14
[-452 /0]s 14.0 14 11.3 10

Table 4.1 Wing divergence speeds.

probably be attributed to the use of three dimensional aerodynamics. For
the experiments, the wings were said to have diverged when at near zero
degrees root angle of attack, the wing bent to a large deflection. Many
times this deflection was oscillatory at a low frequency below first
bending frequency. This oscillation was aue to non linear effects and
was beyond the scope of our analysis. For a few wings, like the [02/90ls
layup wing, the divergence velocity was within the wind tunnel speed
range but before reaching that speed in the experiment the wing

fluttered. Therefore those divergence speeds, along with the ones higher
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than maximum tunnel speed, were not verified by experiment.

4.4 Natural Frequencies

Ascertaining the natural frequencies from the initial deflection
tests 1s a skill that requires some fine discrimination. Due to the
nature of composite material, vibrations are damped in relation to their
frequency. For some of the wings the second bending and first torsion
vibrations were detectable on the strip chart for only a fraction of a
second. The fact that all three frequencies are present on the same
chart and for some wings the second bending and the first torsion
frequencies are not very different and are highly coupled also
complicated the problem. As a result for two wings we could not
ascertain the second bending frequency and for all wings the measured
second bending and first torsion frequencies are no mofe accurate than

within about 2 hertz.

First Bending First Torsion Second Bending
WING Theo. Exp. Theo. Exp. Theo. ExXp.

(hz) (hz) (hz) (hz) (hz) (hz)
[02 /901s 10.8 i0.5 39 44 67 *hkkk
[+15/0]s 8.5 9.2 48 48 ‘ 58 66
[¥15/0]s 9.9 10.0 50 52 63 ) 77
[+302 /01s . 6.0 7.1 60 60 41 44
[+30/0]1s 7.8 8.0 65 68 50 *kkk
[+452 /01s 4.6 6.2 55 48 31 32
[t45/0]1s 5.7 6.0 69 76 37 36

Table 4.2 Wing natural frequencies.
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The results of the test along with the analytic results are shown
in table 4.2. As expected, since all wings have the same mass, the
bending and torsion frequencies are directly related to the bending and
torsion stiffness. Comparing the calculated to the measured frequencies,
we have generally good agreement. E‘of the three highly coupled wings, the
[+15,/0]s, [+30,/0]s and [+45,/0]s, the measured first bending frequency
was higher than calculated, while the measured first torsion frequency of
the [+45,/0]s was lower than calculated. These differences are probably
due to the bending-torsion coupling in the wings, since both modes of

vibration were present at the same time in the test.

4.5 Flutter Velocities

The data from the flutter boundary tests 1is plotted in Appendix
D. Because of the way the boundaries are graphed we can see how the root
angle of attack changes the flutter speed. The results of the flutter
tests are shown in table D.1. From this table. we can see the twist of
the wing tip during flutter and therefore can calculate the tip angle of
attack as well.

For those wings that at 2zero degrees angle of attack flutter
before they diverge, a few general statements can be made concerning the
change in flutter characteristics with root angle of attack. The type of
flutter changes from a bending-torsion to more of a pure torsion flutter
as angle of attack is increased. This can be seen by the flutter
frequency increasing toward the first torsion frequency and a smaller
amount of bending in the flutter. Also, the flutter airspeed decreases.
For example, the [05/90]s layup wing unswept went from 33 hz to 40 hz,
from a Aw of 0.7 cm to O cm, and from an airspeed of 26 m/s to 13 m/s at
10 degrees angle of attack. These same trends were noted by Rainey in
previéus stall flutter work in reference 14. However as the wings become
coupled ;i.n bending and torsion these trends are changed. In the case of
the [+302/0]s layup wing there is no frequency change and the airspeed is
nearly the same for both 0 and 12 degrees angle of attack flutter. If we
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examine the wing conditions we see that at 0 degrees angle of attack the
average twist is +2.4 degrees, while at 12 degrees angle of attack the
average twist is -4.8 degrees. Thus the tip is at an increased angle of
attack of only about 4.8 degrees versus 12 degrees for the root. This
could account for the similarity in flutter behavior at the two different
“root angles of attack.

The wings that diverged at O degrees root angle of attack before
they would flutter all exhibited similar bending flutter behavior as
angle of attack was increased. Generally the flutter speed would
decrease, the frequency would increase and the fiutter would become more
mild, making it more like a bending flutter and less like divergence.

The wings that resisted flutter the best at low angle of attack
were the [*¥30/0]s and the [+45/0]s layup wings. In fact, their flutter
speeds were beyond the maximum speed of‘the wind tunnel. However, as
angle of attack was increased their flutter speeds dropped below that of
their unbalanced counterparts, the [+30,/0]s and the [+45,/0]ls layup
wings. Due to the light bending-torsion coupling of the balanced layﬁp
wings they exhibited the normal flutter trends talked about earlier
including the decrease in flqtter speed as root angle of attack is
increased. Among the wings with an unbalanced laminate layup pattern a
ply fiber angle of 30 degrees seems to give the highest flutter speed.

When the wings were swept forward the addition to angle of attack
made by bending had a strong effect on flutter. The [02/90]s layup wing
at 0 degrees angle of attack fluttered at a lower airspeed than when
unswept, while at higher than about 8 degrees angle of attack it changed
from a bending torsion flutter to a bending flutter. The [+15,/0]s and
[+302/0]s layup wings' bending-torsion coupling could not offset the
increase in tip angle of attack due to bending so they also showed a
decrease in flutter speed with an increase in root angle of attack. The
[+455/0]s layup wing, being weak in bending, now diverged at all angles
of attack. The frequency shown in table D.2 is a post divergence

oscillation. Note that the average bending is nearly 17 cm! The wings
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that had diverged at O degrees sweep also diverged at -30 degrees sweep,
the speeds were just slightly lower.

The differences in the low angle of attack behavior of the various
wings was also evident ih the theoretical analysis. In order to examine
a typical cross section of the wings I have taken the graphs for the four
wings with 15 degree fiber ply angles from appendix D and reproduced them
here in figqure 4.4. Looking at the [+152/0ls layup wing first, the V-g
method predicts the torsional branch will go unstable at 24 m/s at a
frequency around 27 hz. The experimental values were 25 m/s and 32 hz.
Note that as flutter velocity is approached the torsional branch has a
large change in frequency. Looking at the other wing with negative
bending-torsion flutter, the [%15/0]s layup wing, we see behavior very
similar to the [+152/0]s layup wing. The [%15/0]ls layup wing also goes
unstable in the torsional branch, just at a slightly higher airspeed.
The next two wings, the [¥15/0]s and the [-155/0]s layup wings both go
unstable in the first bending branch. The branch is initially very
stable’ but then at the critical velocity it rapidly goes to neutral
stability while the frequency goes to zero. This shows classical
divergence. The main difference between the two wings 1is that the
[-155/0]s layup wing has a slightly lower divergence speed. The
divergence speeds indicated here are lower than the experimental values
because this analysis does not consider finite span effécts in the
aerodynamics.

For 0 degrees angle of attack the results of the divergence and
V-g flutter analysis along with experimental data points are shown in
figure 4.5. The unbalanced and balanced laminate wings are shown on
separate graphs. The [02/90]s layup wing is plotted on both graphs. For
completeness the V-g flutter analysis for the wings at 30 degrees swept
back is included. There is no experimental data for 30 degrees swept
back.

Let's look at the unbalanced laminate wings first. For the
unswept wing if the fiber angle is below about -5 degrees divergeﬁce is

the limiting factor otherwise the wing will flutter first. Despite the
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large variations in stiffness and bending-torsion coupling from the
[02/90]s to the [+45;/0]s layup wings, flutter speeds were all within 5
m/s for the four wings. A ply fiber angle of +30 degrees seems to give
the highest flutter speed both theoretically and experimentally. For 30
degrees swept forward, due to the effect of bending on angle of attack,
divergence dominates for all ply fiber angles except in the region of
from about +5 to +30 degrees. In particular, we could not get the
(155/0]1s and [+30,/0]ls layup wings to flutter or diverge at low angle of
attack in the available speed range of the wind tunnel. It is worthwhile
to note that the limiting speed (either flutter or divergence) for 30
degrees swept forward is higher than for the unswept wing for fiber
angles from -5 to +35 degrees according to the theoretical calculations
and experimentally it was true for fiber angles of +i5 and +30 degrees.
The [(0,/90]s layup wing went into torsional flutter with a large
average bend at an airspeed below its calculated divergence speed. This
was not predicted by the V-g analysis. Because of the large average
bending deflection the wing was actually in a high angle of attack
flutter despite the root angle of attack being only 1 degree. As we have
seen previously, high angle of attack flutter for the [02/90]ls layup wing
is lower than when at low angle of attack. Also this type of flutter is
not covered by our analysis. Looking back at the steady airload analysis
we see that when a wing is close to, yet still below divergence speed, it
has large deflection even at low angle of attack. In the swept forward
case bending causes increases in angle of attack so we can see how when
nearing divergence speed even with a low root angle of attack we can get
a high tip angle of attack bringing with it the possibility of flutter.
Switching now to the balanced laminate wings, for the unswept case
we have divergence for outer layer fiber angles below -10 degrees and
flutter elsewhere. These wings had the highest predicted flutter speed
at a outer ply fiber angle of +45 degrees. This speed was higher than
the tunnel maximum speed so we could not determine its accuracy.
Experimental data was reasonable except for the [¥15/0]ls layup wing which

will be discussed in the next paragraph.
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For 30 degrees forward sweep for the balanced laminate wings,
divergence was the 1limiting instability throughout +the fiber angle
range. We see a calculated best outer fiber angle of about +20 degrees.
Experimental data was close to calculated with the following exceptions;
the [02/901s, [*15/0]s, ([+30/0ls at 30 degrees forward sweep and the
[¥15/0]s layup wing from the unswept wing case. The [0,/90]s layup wing
was discussed previously and in fact what was said for the [02/90]s layup
wing also applies to all these wings. Their cases are all torsional
flutter characterized by high average bending and speeds below predicted
divergence speed, suggesting a high angle of attack flutter at the wing
tip. By checking the average bending deflection (Wavg) in table D.2
for the [*¥30/0]s layup wing (19.8 cm), one could argue that in fact the
wing has diverged and the calculated divergence speed is just too high.
However I present the argument that before the wing diverged it bent
enough to allow for high angle of attack flutter. Once the wing is
fluttering, the increase in average force caused by flutter caused the
wing to bend even more (see discussion section 4.2), thus the high
average bend. Whatever your point of view, one thing for sure is that we
have reached a stability limit and it is at a airspeed lower than the
airspeed predicted by the theoretical analysis.
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CHAPTER 5. CONCLUSIONS AND RECOMENDATIONS

Having now investigated some of the many varied and interresting
properties demonstrated by the graphite/epoxy composite material wings I
will finish by pointing out a few of the conclusions we can make and
offer some recomendations for follow up work.

The wings showed very near linear bending and twisting behavior up
to large deflections in the static tests. This gives a large useful
range in which we can apply our linear theory. However, on lightly
bending-torsion coupled wings small imperfections in the wings such as
warp can cause large deviations from 1linear theory concerning the
bending-torsion stiffness coupling reaction.

The steady airload analysis gave good results up to 20 degrees
angle of attack as long as the wing did not flutter. Certainly the use
of a realistic 1ift curve, rather than a linear one, contributed to the
accuracy of the results. Once the wings did flutter they had an average
deflection greater than the steady airload theory predicted. This
limited the useful range of the steady airload analysis and suggests the
usefulness of investigation into the resultant average forces present
during flutter, both 1lift and drag.

The initial deflection frequency tests were a quick easy way to
get approximate values for the natural frequencies.

The divergence and flutter investigation once again showed the
large variation in wing aeroelastic properties caused by changes in ply
fiber angle. Straight wings can be made divergence free, while by proper
selection of fiber angle, even a swept forward wing can have a divergence
speed higher than a similar wing without bending-torsion coupling at no
sweep. By using three dimensional aerodynamics the divergence speeds of
the wings were closly predicted for both straight and forward swept
wings. The flutter calculations for the straight wings were resonably
accurate. We were unable to check the accuracy of the flutter
calculations for the forward swept wings because of the wind tunnel's low

maximum speed. However, by extrapolating to low angles of attack the
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experimental data we were able to obtain at high and moderate angles of
attack, we can predict a flutter speed close to the theoretically
calculated flutter speed. We did discover that the lightly coupled wings
had a tendency to go into a torsional flutter, characterized by a high
average bend and therefore a high angle of attack at the wing tip, when
approaching but still below predicted divergence speed. This phenomenon
deserves further investigation. A stall or high angle of attack,K flutter
analysis might give some insight here.

Finally, a good follow on investigation would be to make and test
some built-up wings versus the cantilevered plates used here. A built-up
wing with a typical box-beam  or honeycomb construction would smooth out
any initial wérp or twist in the laminate skin, thus eliminating one of
the problems we had. That type wing would be closer to a pratical
airfoil and is the next logical step toward building a functional

graphite/epoxy composite material wing.
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Table D.1

FLUTTER DATA UNSWEPT WING (A = 0) (w and © are at the wing tip)

WING v a W Aw C] AQ w
r avg avg
(m/s) (deqg) (cm) (cm) (deqg) (deq) (hz)
[02/901s 26 1 0.5 0.7 1.0 10.3 33
13 10 2.4 0 3.5 9.8 40
[+155/0]s 25 1 0.2 0.2 0.7 8.1 32
24 10 5.1 0.2 -4.0 19.3 37
[t15/0]1s 28 3 4.0 0.8 -0.7 8.5 37
16 10 3.8 0 0.4 5.0 49
[¥15/0]s 21 1 4.3 0.5 4.8 14 43
10 10 2.2 0.1 2.8 7.0 43
[-152/0]1s 18 1 4,7 9.4 10.1 17.4 5.8
13 10 3.3 1.7 7.9 28.4 7.6
[+30,/01s 29 0 -0.6 1.7 2.4 12 60
28 12 7.9 4.0 -4.8 35 61
[£30/0]s 27 10 1.7 1.2 -3.7 12 46
[¥30/0]s 24 1 13.5 1.3 13.5 8.8 40
15 10 8.4 0.2 5.6 6.7 52
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Table D.1 (continued)

FLUTTER DATA UNSWEPT WING (A = 0) (w and © are at the wing tip)

WING v a w Aw ¢] A© w
Y avg avg
(m/s) (deq) (cm) (cm) (deq) (deq) (hz)
[-302/0]ls 15 1 5.1 17.2 3.9 16 2.6
8 10 3.0 . 4.5 4.9 5.8 4.9
[+45,/01s 27 1 2.1 3.6 2.2 23 25
23 10 9.9 2.7 -2.7 20 26
[£45/01s 25 8 13.1 0.4 -2.4 3.2 44
18 10 10.8 0.6 -4.2 6.8 49
[¥45/0]1s 22 1 16.0 0.9 9.0 1.5 40
14 10 12,2 0.1 6.3 6.3 55 -
[-452/0]s 14 1 10.9 12 10 14 3.5
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Table D.2

FLUTTER DATA FORWARD SWEPT WING (A = -30) (w and © are at the wing tip)

WING v a w : Aw ] AO w
. X avg avg

(m/s) (deq) (cm) (cm) (deq) (deq) (hz)
[02/90ls. 20 1 8.8 0 6.1 1.5 40

18 10 8.3 11.0 1.5 3.0 -8
[+155/0]ls 21 10 12.2 1.1 -10.7 16.7 40
[£15/01s 25 1 7.8 0 -1.6 27 44
[F15/01s 19 1 6.2 1.9 | 4.8 9.5 4.7

15 10 5.2 12.8 4.7 9.3 7.5
[-152/0]s 15 1 3.2 15 8.3 23.4 4.0

12 10 3.9 12.9 7.7 18.1 6.8
[+30,/0]s 21 10 14.5 0.8 -18 12 59
[*30/01s 22 1 19.8 0.7 -6 44 33

20 10 21.5 1 -7 42 31
(¥30/0]s 17 1 6.9 19.7 4.0 12 3

13 10 7.5 9.5 2.5 5 5.6
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Table D.2 (continued)

FLUTTER DATA FORWARD SWEPT WING (A = -30) (w and © are at the wing tip)

WING v a w Aw ] A® w
r avg avg
(m/s) (deq) {(cm) {(cm) (deg) (deq) (hz)
(-30/01s 11 1 4.1 18.1 7.0 22 2.7
8 10 3.7 10.9 3.5 17 4.6
[+455/0]ls 20 1 16.9 0.2 6.9 25 42
15 10 16.9 0.7 14.5 19.1 44
[t45/01s 20 1 19.5 3.0 -10.5 1 5.7
14 10 12.9 6.3 3.5 21 4.8
[¥45/0]s 14 2 9.5 19 5.5 1 2.8
1" 10 9 14 1.5 1 4.3
[-4520]s 10 1 7.1 8.6 8.4 14.7 2
8 10 6.9 1.6 7.5 15 3.5
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